Transfer function techniques are increasingly used for non-invasive estimation of central aortic waveform characteristics. Non-invasive radial waveforms must be calibrated for this purpose. Most validation studies have used invasive pressures for calibration, with little data on the impact of non-invasive calibration on transfer-function-derived aortic waveform characteristics. In the present study, simultaneous invasive central aortic (Millar Mikro-tip ® catheter transducer) and non-invasive radial (Millar ® Mikro-tip ® tonometer) pressure waveforms and non-invasive brachial pressures (Dinamap ® ) were measured in 42 subjects. In this cohort, radial waveforms were calibrated to both invasive and non-invasive mean and diastolic pressures. From each of these, central waveforms were reconstructed using a generalized transfer function obtained by us from a previous cohort [Hope, Tay, Meredith and Cameron (2002) Am. J. Physiol. Heart Circ. Physiol. 283, H1150-H1156]. Waveforms were analysed for parameters of potential clinical interest. For calibrated radial and reconstructed central waveforms, different methods of calibration were associated with differences in pressure (P < 0.001), but not time parameters or augmentation index. Whereas invasive calibration resulted in little error in transfer function estimation of central systolic pressure (difference − 1 + − 8 mmHg; P = not significant), non-invasive calibration resulted in significant underestimation (7 + − 12 mmHg; P < 0.001). Errors in estimated aortic parameters differed with non-invasively calibrated untransformed radial and transfer-function-derived aortic waveforms (all P < 0.01), with smaller absolute errors with untransformed radial waveforms for most pressure parameters [systolic pressure, 5 + − 16 and 7 + − 12 mmHg; pulse pressure, 0 + − 16 and 4 + − 12 mmHg (radial and derived aortic respectively)]. When only non-invasive pressures are accessible, analysis of untransformed radial waveforms apparently produces smaller errors in the estimation of central aortic systolic pressure, and other waveform parameters, than using a generalized transfer function.
INTRODUCTION
Over recent years there has been increasing interest in the technique of reconstruction of central aortic pressure waveforms by the application of a generalized arterial transfer function to non-invasively acquired radial artery pressure waveforms. However, despite increasing use of the technique in research and its introduction into clinical practice, the data validating its use remains modest [1] [2] [3] [4] . All non-invasively acquired radial artery pres-sure waveforms require calibration to a known blood pressure, which provides a potential source of error. Given this, it is of concern that few studies have published results of the use of non-invasive blood pressures for calibration with those that have demonstrating a significant underestimation of central aortic systolic pressure [4] [5] [6] [7] , and no study has compared the differences between non-invasive and invasive calibration.
We therefore sought to explore any differences between radial waveforms calibrated to non-invasively and invasively measured blood pressures and the effects of the method of calibration on the reconstruction of central aortic waveforms by the application of a generalized transfer function to these waveforms. We also examined the relationships between corresponding parameters of the non-invasively calibrated untransformed radial and measured central aortic waveforms to explore the potential for this non-invasive waveform to represent invasively measured central aortic pressure characteristics.
METHODS

Subjects
The present study employed an existing generalized arterial transfer function utilized previously in our laboratory [8] . The study was performed in the cardiac catheterization laboratory of Monash Medical Centre. The study was approved by the institutional Human Research and Ethics Committee and participants gave informed consent. Forty-two patients, 28 male, were prospectively recruited and studied at the time of clinically indicated coronary angiography or percutaneous coronary intervention. Subjects were excluded in the presence of either symptomatic or clinical evidence of peripheral vascular disease affecting brachial artery blood pressure in either arm.
Data acquisition and waveform analysis
Invasive central aortic (Millar Mikro-tip ® catheter transducer) and non-invasive radial (Millar ® Mikro-tip ® tonometer) pressure waveforms were acquired simultaneously, together with three non-invasive measurements of brachial artery blood pressure in the contralateral arm (Dinamap TM XL 9301 Portable Monitor and Adult cuff). Subjects were supine with both arms at their sides and the wrist supported for tonometry throughout the acquisition of data. The mean of the three non-invasive measurements was used in further analyses. The Millar catheter transducer has a solid state high fidelity pressure transducer at the catheter tip, thereby avoiding any potential limitations related to the frequency response characteristics of a fluid-filled catheter system. The Millar tonometer has a similar high fidelity pressure transducer at the tip designed for non-invasive use.
Radial waveforms were calibrated to invasively acquired central aortic mean and diastolic pressures by linear interpolation, in common with previous studies [2, 9] . The same waveforms were also calibrated to noninvasively measured brachial artery mean and diastolic pressures by the same method. Central aortic waveforms were reconstructed by the application of a generalized transfer function, derived from a different population of subjects, to the radial waveforms for each subject, calibrated to both invasive and non-invasive pressures [8] . The generalized transfer function used in the present study is similar to others in the literature [3, 9] .
Both calibrated radial waveforms, measured central aortic and both reconstructed central aortic pressure waveforms were analysed for waveform characteristics which have been proposed to be of potential clinical value, as described previously [8, 9] , in particular including blood pressures, augmentation index, the time to the inflection point, marking the putative onset of influence of a reflected pressure wave, the subendocardial viability index and the parameters involved in the derivation of these parameters.
Statistical analysis
All continuous variables are presented as means + − S.D. Differences between the two calibrated radial waveforms were analysed by paired Student's t tests. Differences between measured and derived central aortic waveforms were analysed by repeated measures ANOVA. Withinsubjects comparisons were examined when significant differences were demonstrated. Difference in errors in waveform parameter estimation were examined by paired Student's t tests. Pearson's correlation coefficients between measured and derived parameters were calculated and compared using Fisher's z transformation. Significance was taken as P < 0.05, and statistical analysis was performed using SPSS 10.0 for Windows (SPSS Inc) and Microsoft Excel 2000 (Microsoft Corporation).
RESULTS
Demographic features and drug therapy of the subjects are detailed in Table 1 .
Radial waveforms
Characteristics of the radial waveforms calibrated to both invasive and non-invasive blood pressures are shown in Table 2 . We found significant differences between the waveforms in all the pressure and pressurerelated parameters. The time parameters and augmentation index, which is a pressure ratio and hence not influenced by the calibration procedure, were unchanged. The differences in the waveforms were due to differences in the diastolic pressure between the non-invasive brachial and invasive central aortic pressures (72 + − 9 and 67 + − 9 mmHg respectively; P < 0.001). The mean difference between the two measurements of 5 + − 7 mmHg lies within the criteria of the AAMI (Association for the Advancement of Medical Instrumentation) for acceptance of equivalence of blood measuring devices [10] . Mean arterial pressure was similar in the two sites (93 + − 12 and 92 + − 12 mmHg in the brachial artery and aorta respectively; difference, 1 + − 6 mmHg). Systolic pressures differed significantly (134 + − 21 and 130 + − 23 mmHg in the brachial artery and aorta respectively; P < 0.05; 
mean difference, 4 + − 11 mmHg), although this does not influence the waveform calibration.
Reconstructed central aortic waveforms
The characteristics of the central aortic waveforms reconstructed from both the invasively and non-invasively Table 3 , together with the parameters of the directly measured central aortic waveforms. We found significant differences in most waveform parameters between the measured waveforms and both reconstructed waveforms, as detailed in Table 3 . We also found significant differences between the two reconstructed waveforms in all the pressure and pressure-related parameters. There was no difference between the two reconstructed waveforms in any of the time parameters or augmentation index. We found no difference between the measured and invasively calibrated reconstructed waveforms in systolic blood pressure, with significant underestimation of central systolic blood pressure from the non-invasively calibrated waveform (P < 0.001), whereas, despite remaining different from the measured, there was a significantly smaller underestimation of diastolic pressure with the non-invasively calibrated waveform (P < 0.001). Figure 1 shows selected comparisons from the tables in the form of difference versus mean (Bland-Altman) plots.
Non-invasively accessible waveforms
We compared those waveforms which are accessible non-invasively, that is the radial waveform calibrated to non-invasive brachial artery pressure and the central aortic waveform reconstructed by the application of the transfer function to this waveform, with the measured aortic parameters. We found significant differences in the error between the measured central aortic waveform parameters and the respective non-invasively accessible waveform parameters (subendocardial viability index P < 0.01, all other parameters P < 0.001). As can be seen from Tables 2 and 3 , with the exception of diastolic pressure, the absolute error in all the pressure and pressure-related parameters was smaller with the radial Table 2 Directly measured central systolic blood pressure (SBP) and derived central systolic blood pressure obtained by non-invasive (a) and invasive (b) calibration. Table 3 .
waveform than the reconstructed central waveform. Since no recommendations exist for the acceptability of estimates of central aortic blood pressures, as has been done previously [10, 11] , we have arbitrarily drawn parallels with the AAMI recommendations for comparability of blood pressure measuring devices for the measurement of brachial pressures. The error in the diastolic pressure (5 + − 7 mmHg) in the radial waveform remained within the limits of acceptability of the AAMI for equivalence of blood pressure measurement devices [10] . All radial and reconstructed central aortic parameters were correlated with their respective directly measured central aortic parameters (P < 0.001), with the exception of the time to the inflection point (Tables 2 and 3 ). There were significant differences in the correlation coefficients for the measured and both radial and reconstructed aortic parameters for the systolic pressure time integral (r = 0.94 and 0.84 for the radial and transfer-function-derived aortic parameter respectively; P < 0.05), subendocardial viability index (r = 0.95 and 0.79), time to end of systole (r = 0.94 and 0.77) and time to peak pressure (r = 0.41 and 0.80; all P < 0.01) only. Only time to peak pressure was more closely correlated with the reconstructed aortic than with the untransformed radial parameter. The reconstructed central aortic augmentation index remained more closely correlated with the radial (r = 0.89) than with the measured central aortic (r = 0.65; P < 0.01; Figure 2 ) value, and the time to inflection was correlated only with the radial (r = 0.58; P < 0.001).
DISCUSSION
That there may be theoretical benefit in knowledge of characteristics of the central aortic waveform above simple measurements of brachial artery pressure is widely accepted, although, as yet, untested [12] . However, these waveforms are not directly accessible and therefore their characteristics must be deduced from the analysis of surrogate waveforms. These surrogate waveforms may be either waveforms acquired directly from other sites or, as widely advocated, waveforms produced by the application of an arterial transfer function to waveforms acquired from other sites, and particularly the radial artery [1] [2] [3] . However, when waveforms are acquired non-invasively by tonometry they must be scaled to a known blood pressure. The effect that the scaling of noninvasively acquired radial waveforms to non-invasively measured brachial artery blood pressures has on transferfunction-derived central aortic waveforms has been raised as a source of concern by some authors [5, 6, 13, 14] . Few previous validation studies have used non-invasive scaling [4] [5] [6] [7] , with other authors discarding the approach in favour of invasive calibration due to the introduction of unacceptable levels of error [2, 3] , yet the technique is widely used for non-invasive studies [15] [16] [17] [18] [19] [20] [21] [22] . No previous studies have prospectively evaluated the effects of both invasive and non-invasive calibration of the same radial waveforms on transfer-function-derived central aortic waveform characteristics or addressed the potential merits of analysis of the untransformed radial waveform.
Whereas the error and individual variability in the estimation of central systolic pressure using our transfer function when waveforms were calibrated invasively might be acceptable, when non-invasive calibration was employed, the error in the estimation of systolic pressure and the degree of individual variability were substantial and consistent with data published previously using a different transfer function [4] . With 5 % of patients likely to have either an underestimation of central aortic systolic pressure of more than 31 mmHg or overestimation of more than 17 mmHg, the errors could be of considerable clinical importance, which must be considered if the technique is to be applied in non-invasive clinical practice.
Of considerable further interest, and not previously reported, is the finding that most central waveform characteristics can be deduced from untransformed radial artery waveforms with similar, or closer, levels of correlation and smaller absolute differences than appear to be the case via the application of an arterial transfer function. That the absolute values of augmentation index differ is of little consequence since, with similar levels of correlation, subjects may be ranked for central augmentation index as effectively from untransformed radial data as from transfer-function-derived data, and if a given central cutoff value were felt to be of significance, this would equate simply with an alternative radial value.
It might be suggested that the errors we have observed may relate only to the particular generalized transfer function that was derived in our laboratory and that we have used in the present study. We feel, however, that, given the errors and variability that we have observed in the estimation of central waveform characteristics when radial waveforms are calibrated to invasive pressures are similar to that in the literature pertaining to other transfer functions, this seems unlikely [2, 3, 11] . Additionally, although derived by different methods, published transfer functions, including our own, seem to be generally similar [1] [2] [3] 9] . This suggests that the differences we have observed between our transfer-function-derived central aortic waveforms reconstructed from radial waveforms calibrated to both invasive and non-invasive pressures are likely to be seen with the use of other transfer functions. Indeed, similar errors have been demonstrated recently with the reconstruction of central aortic systolic pressure using a different transfer function when radial waveforms are calibrated to non-invasively measured brachial artery pressures [5] [6] [7] .
The differences between the two methods of calibration are entirely due to differences in the measured diastolic blood pressure, which may relate, in part, to the particular device used for the non-invasive measurement of blood pressure. However, the device used in the present study has been evaluated previously according to the British Hypertension Society protocol and considered acceptable [23] . Similar acceptability has been demonstrated in a comparison of non-invasive estimation of central blood pressure compared with direct (fluidfilled catheter) measurement by Lehmann et al. [24] , who demonstrated Dinamap estimates of brachial blood pressures that were closely related to directly measured central values. We therefore do not believe that our method of recording brachial blood pressure significantly affected results and, in fact, it is likely that oscillometric assessment introduced considerably less error than would have been associated with manual sphygmomanometry. A further potential limitation was the use of the contralateral arm for assessment of brachial blood pressure as this better accommodated catheter laboratory requirements. Any transfer function use requires the assumption of uniformity of mean and diastolic blood pressure throughout the systemic arterial system and differences between arms are relatively small in the majority of individuals. Arterial transfer functions are usually considered as 'generalized' and not as applicable to one arm or the other, therefore any difference in blood pressure between brachial arteries is unlikely to have materially influenced our conclusions. Any difference between non-invasive blood pressure, whether measured manually or automatically, and true central aortic pressures will be associated with increased error and individual variability, since the method of calibration is based on the assumption that both mean and diastolic pressures are equal in the aorta, brachial and radial arteries. Although measured at different sites, the differences in our measurements of diastolic pressure between the aorta and brachial artery lie within the recommendations for acceptance of equivalence of blood pressure measuring devices [10] . Thus the assumption of equality of diastolic blood pressure remains tenable on the basis of these data, and it is likely that differences, such as we have demonstrated between invasive and non-invasive calibration, will be inevitable.
Our findings illustrate that data validating a given transfer function using invasive peripheral pressures or the calibration of non-invasive waveforms to invasive pressures may not necessarily validate the technique adequately for purely non-invasive use. For the transfer function used in the present study the individual variability of the estimation of central systolic pressure from untransformed radial waveforms falls outside the recommendations for acceptability of equivalence, but is not improved by the application of a generalized transfer function to that data [10] . Our data suggest that, when only non-invasive data are accessible, noninvasive brachial pressures may offer the best estimate of central aortic pressures, and with similar variability and smaller absolute errors, serious consideration should be given to the merits of analysis of untransformed radial waveforms for other waveform characteristics. Our data suggest that transfer function techniques are sensitive to effects related to non-invasive calibration, and that they may not be appropriate for purely non-invasive use. While it might be considered self-evident that errors in calibration reduce the accuracy of output of any arterial transfer function, including the one described, this is the first quantification of the degree of error which might be encountered as a consequence of the use of noninvasive blood pressures. Any variation in the accuracy of non-invasive blood pressure measuring techniques is clearly important. We believe our results show that any transfer function designed for non-invasive use must be specifically evaluated using non-invasive calibration with a specified method before being accepted as valid.
We have reported the influence of calibration on central aortic pressure waveform parameters derived from radial tonometric waveforms via a particular radialaortic transfer function. Although invasive calibration studies are often taken as a gold-standard, we interpret our findings as suggesting that arterial transfer functions should also be subjected to assessment using non-invasive calibration. Since these techniques are promoted for noninvasive use, it would seem mandatory that the influence of non-invasive calibration should be known before use in clinical practice is advocated.
In view of the demonstrated closer association of directly measured intra-aortic waveform parameters with their radial counterparts than with the corresponding transfer-function-derived parameter, the potential usefulness of directly recorded radial data should be a topic of further investigation.
